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ABSTRACT
As a product of the maser monitoring program with the 26 m telescope of the Harte-
beesthoek Radio Astronomy Observatory (HartRAO), we present an unprecedented,
contemporaneous flaring event of 10 maser transitions in hydroxyl, methanol, and wa-
ter that began in 2015 January in the massive star-forming region NGC 6334I in the
velocity range −10 to −2 km s−1. The 6.7 GHz methanol and 22.2 GHz water masers
began flaring within 22 days of each other, while the 12.2 GHz methanol and 1665 MHz
hydroxyl masers flared 80 and 113 days later respectively. The 1665 MHz, 6.7 GHz, and
22.2 GHz masers have all remained in their flared state for nearly 3 years. The bright-
est flaring components increased by factors of 66, 21, 26, and 20 in the 12.2 and
6.7 GHz methanol, 1665 MHz hydroxyl and 22.2 GHz water maser transitions respec-
tively; some weaker components increased by up to a factor of 145. We also report new
maser emission in the 1720, 6031, and 6035 MHz OH lines and the 23.1 GHz methanol
line, along with the detection of only the fifth 4660 MHz OH maser. We note the
correlation of this event with the extraordinary (sub)millimeter continuum outburst
from the massive protostellar system NGC 6334I-MM1 and discuss the implications of
the observed time lags between different maser velocity components on the nature of
the outburst. Finally, we identify two earlier epoch maser flaring events likely associ-
ated with this object, which suggest a recurring accretive phenomenon that generates
powerful radiative outbursts.
Key words: masers – stars: formation – stars: protostars – radio lines: ISM – ISM:
molecules – ISM: individual objects: NGC 6334I
1 INTRODUCTION
Cosmic masers act as probes into heavily obscured astro-
physical sources providing observers with information about
the dynamics and physics of a region. Shortly after the dis-
covery of masers in 1963 (Weaver et al. 1965), temporal vari-
ability of the 1665 and 1667 MHz groundstate OH maser
lines in the star-forming complex NGC 6334 was reported
by Weaver et al. (1968). Some velocity channels displayed
? E-mail: gord@hartrao.ac.za
variations by an order of magnitude between 1965 July and
1966 February. Evidently, their observations represented the
first reported maser flare though they referred to it only as ‘a
new phenomenon in microwave spectroscopy’. In subsequent
infrared continuum observations, NGC 6334 was identified
as one of the most active regions of massive star-formation
in the Galaxy (see Harvey & Gatley 1983, and references
therein). More recent higher resolution, multi-wavelength
studies have shown that it contains many young, deeply-
embedded clusters and protoclusters (Hunter et al. 2014;
Feigelson et al. 2009; Persi & Tapia 2008), numerous mas-
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sive dense cores and filaments (Tige´ et al. 2017; Fukui et al.
2017; Andre´ et al. 2016; Russeil et al. 2013), and appears to
be undergoing a ‘mini-starburst’ event (Willis et al. 2013).
Among the various centres of star formation in
NGC 6334, one of the youngest contains a bright ultracom-
pact H ii (UCH ii) region NGC 6334F (G351.42+0.64, Ro-
driguez et al. 1982; Gaume & Mutel 1987; Ellingsen et al.
1996b), which is associated with the far-infrared/millimeter
source NGC 6334I (De Buizer et al. 2002; Gezari 1982;
McBreen et al. 1979; Cheung et al. 1978; Emerson et al.
1973). The millimeter emission from this region has been
resolved by interferometers into multiple continuum sources
MM1−4 (Hunter et al. 2006; Brogan et al. 2016), two of
which contain hot molecular cores accompanied by strong
dust emission – MM1 and MM2 (Beuther et al. 2007; Zer-
nickel et al. 2012; McGuire et al. 2017; Bøgelund et al. 2018).
The combination of these four objects (hereafter referred to
as NGC 6334I, see Fig. 10) produce maser radiation from hy-
droxyl (OH), water (H2O) at 22.2 GHz (Meeks et al. 1969),
and methanol (CH3OH) at 12.2 GHz (Batrla et al. 1987),
6.7 GHz (Menten 1991) and various other higher frequen-
cies (see Val’tts et al. 1999; Haschick et al. 1990; Menten &
Batrla 1989; Haschick et al. 1989; Haschick & Baan 1989).
Many of these masers have been found to vary, as noted
in several published works (see section 4). Such variations
have motivated more regular monitoring of multiple maser
lines at the Hartebeesthoek Radio Astronomy Observatory
(HartRAO).
In this paper, we present the results of multi-year mon-
itoring of 16 maser transitions (11 hydroxyl, 3 methanol,
1 formaldehyde, and 1 water) associated with NGC 6334I
since 1999. During 2015, 10 of these transitions started flar-
ing, some of which have since dropped below our detection
limits while others persist through 2017. We determine the
onset of the flare in different velocity channels and when
peaks occur, and discuss the possible physical causes of the
flares and their association with the recent (sub)millimeter
continuum outburst within the massive protostellar system
NGC 6334I-MM1 detected with the Atacama Large Mil-
limeter/submillimeter Array (ALMA) in July 2015 (Hunter
et al. 2017). The methanol maser data from Goedhart et al.
(2004) have been re-assessed, leading to the identification of
an earlier flare in 1999, possibly arising from the same ob-
ject. Finally, we make a prediction for the date of a future
outburst and suggest further observations to promote the
ongoing study of this very interesting massive star-forming
region.
2 OBSERVATIONS
The observations reported here were made using the 26 m
telescope of Hartebeesthoek Radio Astronomy Observatory
(HartRAO)1. Information for each transition observed, and
receiver used, is listed in Table 1. Typically, observations
were made every 10 to 15 d commencing during the start
month listed in Table 1. However, the cadence of obser-
vations varied depending on the availability of the tele-
scope, and the weather conditions. At times observations
1 See http://www.hartrao.ac.za/spectra/ for further information.
were done daily, but there are also observations separated
by weeks. The coordinates that the telescope pointed to were
R.A. = 17h 20m 53.s4 and Dec. = −35◦ 47′ 01.′′5 (J2000).
Prior to 2003 March 27, only left circularly polarised
(LCP) feeds were installed on the telescope and spectra were
obtained using a 256-channel spectrometer, as described in
Goedhart et al. (2004). From 2003 March 27 onward, each re-
ceiver system consisted of left and right circularly polarised
(RCP) feeds. Dual polarization spectra were obtained using
a 1024-channel (per polarisation) spectrometer. The 2.5 cm
receiver operates at ambient temperature, the others are
cryogenically cooled. Each polarisation was calibrated in-
dependently relative to Hydra A and 3C123 (and Jupiter in
the case of the 1.3 cm receiver), assuming the flux scale of
Ott et al. (1994). Typical sensitivities achieved per observa-
tion are presented in Table 1. Observations made with the
1.3 cm receiver were corrected for atmospheric absorption,
the other observations were not (the effect is less than 3 per
cent in these transitions).
Because of their large velocity extents, both H2O and
1665 MHz OH emissions were observed in position switch-
ing mode. Frequency switching was employed for observa-
tions at all other frequencies. Some contamination from an
absorption feature at +6.4 km s−1 was introduced into the
1667 MHz maser emission spectra at −16 km s−1 resulting
from using frequency switching. The 23.1 GHz CH3OH ob-
servations were initially done in position switching mode but
were changed to frequency switching mode later. Because
of the poor sensitivity of the receiver system at 23.1 GHz,
several observations had to be averaged to obtain a suffi-
cient signal-to-noise ratio. Pointing observations were per-
formed for the 1665 MHz OH transition on 2017 January
21; no pointing observations were observed for any other
OH transition. Water and methanol observations included
pointing observations. The 4829 MHz formaldehyde transi-
tion was observed only once on 2016 November 12. Because
there was no detection, no further observations were done.
Monitoring of 6031 and 6035 MHz OH masers was discon-
tinued on 2016 June 01 because radio frequency interference
became increasingly worse after 2016 February. No obser-
vations were taken between mid-2008 and early-2010 while
the 26 m antenna underwent repairs (Gaylard 2010). The
12.2 GHz CH3OH receiver was offline for repairs between
2016 January 10 and August 09.
3 RESULTS
We present the results of an unprecedented maser flaring
event in NGC 6334I that started in 2015. Many of our times
are presented using Modified Julian Date (MJD = Julian
Date− 240 0000.5). Because NGC 6334I is found in the Cat’s
Paw Nebula, we refer to these 10 flaring maser transitions
(from three molecules) in 2015 collectively as ‘Kitty’. The
transitions are 6.7, 12.2 and 23.1 GHz of CH3OH, 1665, 1667,
1720, 4660, 6031, and 6035 MHz of OH, and the 22.2 GHz
line of H2O.
3.1 Methanol Masers
The clearest evidence of the flaring event comes from the
methanol data. The archival regular monitoring data of the
MNRAS 000, 1–17 (2018)
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Table 1. Spectral transitions observed, monitoring start month, and receiver packages used at HartRAO.
Mol. Receiver Maser Beam Band Velocity Sensitivity Monitoring
Transition Freq. Width Width1 Range Resolution 3-σ rms Start
(cm) (MHz) (′) (MHz) ( km s−1) ( km s−1) (Jy) Month
OH 18 2ΠJ=3/2 F = 1→ 2 1612.231 29.6 0.25 22.5 0.045 0.4 2015 Sept
18 2ΠJ=3/2 F = 1→ 1 1665.402 29.6 0.252 45.0 0.045 0.8−1.2 2011 Oct
18 2ΠJ=3/2 F = 2→ 2 1667.359 29.6 0.25 22.5 0.044 0.4−0.8 2015 Sept
18 2ΠJ=3/2 F = 2→ 1 1720.530 29.6 0.25 22.5 0.043 0.4 2015 Sept
6 2ΠJ=1/2 F = 0→ 1 4660.242 9.6 1.0 33.0 0.063 0.2−0.4 2015 Sept
6 2ΠJ=1/2 F = 1→ 1 4750.656 9.6 1.0 33.0 0.062 0.2 2015 Sept
6 2ΠJ=1/2 F = 1→ 0 4765.562 9.6 1.0 33.0 0.061 0.2−0.3 2015 Sept
5 2ΠJ=5/2 F = 2→ 3 6016.746 7.5 1.0 24.5 0.049 0.2 2015 Sept
5 2ΠJ=5/2 F = 2→ 2 6030.7473 7.5 1.0 24.5 0.049 0.4 2015 Sept
5 2ΠJ=5/2 F = 3→ 3 6035.0923 7.5 1.0 24.5 0.049 0.3−0.4 2015 Aug
5 2ΠJ=5/2 F = 3→ 2 6049.084 7.5 1.0 24.5 0.048 0.2−0.3 2015 Sept
H2CO 6 J = 111→ 110 4829.6604 9.6 1.0 33.0 0.060 0.4 2016 Nov
CH3OH 4.5 J = 51→ 60 A+ 6668.518 7.0 0.645 14.5 0.112 1.0−1.5 1999 Feb
1.0 22.5 0.044 0.8−1.2 2003 Mar
2.5 J = 20→ 3−1 E 12178.5936 4.0 0.645 7.75 0.061 1.5−2.5 2000 Jan
2.0 24.5 0.048 0.6−0.9 2003 Mar
1.3 J = 92→ 101 A+ 23121.024 2.2 8.02 107.9 0.101 1.1−2.3 2015 Aug
H2O 1.3 J = 616→ 523 22235.120 2.2 8.02 107.9 0.105 2.3−2.9 2011 Apr
1A dual polarisation, 1024 channel each, spectrometer was employed after 2003 March 27.
2The method of position switching was employed.
3Monitoring was discontinued after 2016 June 01.
4Only a single observation was made on 2016 November 12.
5A single polarisation, 256 channel, spectrometer at LCP was employed until 2003 March 27.
6The receiver was offline from 2016 January 01 to August 09.
Figure 1. Dynamic spectra of a sub-set of the methanol maser observations for: (a) 6.7 GHz, and (b) 12.2 GHz. The solid (blue), dashed
(black) and dot-dashed (red) vertical lines represent the estimated onset (2015 January 01/MJD 57023 = day 0), peak (2015 August
15/MJD 57249) and a recent epoch (2017 August 31/MJD 57997) of Kitty. The horizontal red line demarcates the last red shifted channel
with 6.7 GHz emission.
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6.7 and 12.2 GHz methanol observations for NGC 6334I were
used to produce dynamic spectra, which are shown in Fig. 1.
The flux density colour scales have been chosen to include
the strongest components of the flare in each plot, and are
consequently different for the 6.7 and 12.2 GHz maps. Veloc-
ity channels with persistent maser emission are seen as hor-
izontal trails across the image; hereafter, we refer to these
as ‘contrails’. Contrails can vary in flux density (F) with
time. Note that no interpolation is done between epochs of
observation.
The contrails in the 6.7 GHz plot indicate that there are
a number of velocity channels in which there are masers that
are present prior to 2015. Between v=−10 and −11.5 km s−1
there are some strong masers (F(6.7)> 2000 Jy, where F(6.7)
is the flux density of the maser emission at 6.7 GHz) which
do vary but do not flare during this time period. Between
v =−4.6 (horizontal red line) and −10 km s−1 after the start
of 2015 (MJD 57023, vertical blue line) a number of new ve-
locity channels suddenly exhibit new emission, while some of
the existing channels increase dramatically in brightness, all
of which peak around 2015 August 15 (MJD 57249). Eventu-
ally, the emission in most of these channels either disappears
or returns to its quiescent level, but some channels undergo
a re-brightening in 2016.
The 12.2 GHz dynamic spectrum also has strong con-
trails between v = −10 and −11.5 km s−1, some weak con-
trails before 2015, and a group of velocity channels that
brighten and reach a peak at a similar time to those at
6.7 GHz. The 12.2 GHz emission spans a larger velocity range
than the 6.7 GHz lines which is obvious by the presence
of components above the red horizontal line. Note that al-
though the scales are different, we checked the processed
data and found a lack of 6.7 GHz emission at these veloci-
ties.
The vertical lines in the dynamic spectra indicate times
for which spectra are plotted in Fig. 2. The top (a) and
middle (b) plots are for 6.7 and 12.2 GHz respectively, while
the bottom (c) plot shows spectra for two epochs from the
23.1 GHz line of CH3OH. In the latter panel, the spectrum
labelled 2015 August 15 is an average of spectra taken over
three days around the given date. The 2016 August 13 spec-
trum is an average of 13 observations taken between 2016
April 15 and 2017 January 01. In all of these spectra, the pro-
files are complex and cannot be resolved (in velocity space)
into individual features of maser emission. They are domi-
nated by the components with v<−10 km s−1 which display
variability, but are similar to the spectra when 6.7 GHz emis-
sion was first discovered in NGC 6334I by Menten (1991)
and in 12.2 and 23.1 GHz by Menten & Batrla (1989). Be-
tween velocities of −10 and −4.6 km s−1, the 6.7 GHz emis-
sion shows considerable variation, as does the 12.2 GHz line
but that has emission with velocity components that extend
further to v ∼ −3.25 km s−1. There was also an increase in
the 23.1 GHz emission in this velocity range.
To investigate the temporal behaviour of the flare,
we examined individual velocity channels in the spectra
and generated time series plots. For the 6.7 GHz methanol
masers we present the time series plots for selected veloc-
ity channels in Fig. 3. We show a variety of channels dis-
playing different evolutionary patterns. The profiles in (a)
are roughly symmetrical but the start and peak times oc-
cur at different times. In (b) the profiles are asymmetric
Figure 2. Spectra of methanol masers associated with
NGC 6334I at or near onset of Kitty (dashed green spectra), at
or near the peak of Kitty (solid black spectra), and recent obser-
vations (dotted red spectra). Methanol spectra are presented for
three transitions: (a) 6.7 GHz, (b) 12.2 GHz, and (c) 23.1 GHz.
Note that the 2016 August 13 spectra for 23.1 GHz methanol is
an average of the 13 observations taken from 2016 April 15 to
2017 January 01. The vertical red line demarcates the last red
shifted channel with 6.7 GHz emission.
and both display significant emission after minimum. The
v =−7.26 km s−1 channel in (c) was the component with the
strongest flux density, while the other component reached its
peak later and decays very rapidly. In (d) the shape of the
flare has a triangular shape which is different to the other
profiles, while in (e) which has velocity components with
v<−10 km s−1 there is very little variation associated with
the flare. This stable behaviour suggests that these velocity
components are in regions outside the influence of the flare,
or the flaring components are too weak to be detected. The
asymmetric shapes of the light curves shown in panels (b)
and (c) of Fig. 3 can be due to more than one spot of maser
emission turning on at different times in a particular velocity
channel.
The start time of the flare in each velocity channel was
determined by looking for the first data point that lay im-
mediately above the quiescent level, and thereafter mono-
tonically increased, while peaks represent the date with the
maximum measured flux density. The cadence of the obser-
vations, which varied depending on telescope availability, de-
termines the uncertainty in the timing measurements. This
method was applied to all transitions studied here. The re-
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Figure 3. Time series of the flux density for selected velocity
channels (in km s−1) of 6.7 GHz methanol spectra. The vertical
lines are defined in Fig. 1.
sults for each velocity channel for all the transitions that
were observed, are presented in Table 2.
From Table 2 it can be seen that flaring began in sev-
eral 6.7 GHz methanol velocity channels on 2015 January 01
(MJD 57023); we refer to this date as ‘day 0’. Fortuitously,
an observation with a null detection was recorded on the
previous day so the uncertainty in the onset of the flare in
our data is one day. This is the date we have used as the
starting time for the flare and represented by the vertical
line (blue in the online version) in Figs. 1 and 3. Based on
time of onset, there are four groupings of components asso-
ciated with Kitty, those that (1) began on 2015 January 01,
(2) about 50 d later, (3) about 85 d later, and (4) about 190 d
later. For comparison, a fifth set of velocity channels not as-
sociated with Kitty are plotted. The first velocity channel
of Kitty to reach a maximum was −5.24 km s−1, then there
is a weak correlation between progressively blue shifted ve-
locity channels and increasing date of peak flux density in
the velocity range −6.1 to −5.1. We see a similar progression
between −7.8 to −6.8 km s−1; no such progression is obvious
in the velocity range −10 to −8.0 km s−1. For some of the
6.7 GHz velocity channels the flare was roughly symmetrical;
the temporal behaviour is 220±50 d for the rise and 170±30 d
for the decay and lasted for a total of 385±50 d. A simple
measure of variability, e.g. Fpeak/Fonset , is also listed for each
component in Table 2. This ratio varied from 3 to 124 for
all the channels associated with Kitty. The strongest feature
at −7.26 km s−1 increased by a factor of 21. Several velocity
channels continue to flare.
On average, at our sensitivity levels, the 12.2 GHz veloc-
ity channels began flaring about 6 weeks after their 6.7 GHz
Table 2. Flare information of individual maser velocity channels
associated with Kitty. The time lags of flare onsets and peaks of
channels are determined against the onset (2015 January 01/MJD
57023 = day 0) of the −5.24 km s−1 6.7 GHz methanol maser ve-
locity channel. Estimated error margins are shown in parenthesis.
Vel. Offsets Characteristics
Onset Peak FPeak Fpeak/Fonset
( km s−1) (days) (days) (Jy)
6.7 GHz Methanol Masers
−4.72 38(13) 236(11) 48 >17
−5.24 0(1) 226(9) 907 95
−5.33 0(1) 236(11) 968 124
−5.73 88(1) 263(19) 558 46
−5.82 79(14) 263(19) 609 86
−6.74 0(1) 236(11) 493 3
−7.00 0(1) 248(14) 1558 16
−7.26 47(9) 263(19) 1793 21
−7.53 56(9) 263(19) 1316 29
−7.70 0(1) 263(19) 920 26
−7.92 47(9) 263(19) 526 9
−8.62 0(1) 263(19) 621 4
−9.06 189(36) 340(9) 353 3
−9.28 189(36) 295(5) 493 4
−9.50 88(1) 370(5) 347 3
12.2 GHz Methanol Masers
−3.54 142(7) 255(4) 30 13
−3.83 155(14) 262(14) 21 >21
−4.55 110(6) 282(16) 64 >60
−5.12 80(12) 255(4) 107 >107
−5.65 89(9) 255(4) 30 >16
−6.18 110(6) 282(16) 63 23
−7.00 80(12) 255(4) 387 66
−7.91 89(9) 255(4) 297 145
−8.64 80(12) 262(14) 106 11
−8.97 80(12) 255(4) 377 39
−9.69 80(12) 262(14) 102 3
22.2 GHz Water Masers
−3.00 83(21) 337(9) 1420 34
−5.00 22(10) 229(11) 2158 15
−7.11 22(10) 219(13) 12109 20
−8.37 55(9) 219(13) 5491 27
−24.49 62(14) 344(9) 1133 >304
1665 MHz Hydroxyl Masers
−7.40R 188(45) 309(7) 32 4
−8.10L 113(14) 396(8) 205 26
counterparts, but they all reached peak emission within a
few weeks of each other. No observations were taken between
2016 January to August; this made it difficult to determine
the termination dates of some channels or if they experi-
enced secondary flares. The average emission rise times of
the 12.2 GHz channels are 160±25 d and we estimate the de-
cay of some are 95±20 d. The ratio of flare peak emission to
quiescent values in the 12.2 GHz channels varied from 3 to
145 and the strongest component at −7.0 km s−1 increased
by a factor of 66, three times more than its 6.7 GHz coun-
terpart.
3.2 Water Masers
A dynamic spectrum made from the regular monitoring data
of the 22.2 GHz line from H2O masers is shown in Fig. 4. Be-
MNRAS 000, 1–17 (2018)
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cause the flux scale in this plot reaches 15 000 Jy, it is difficult
to distinguish features below ∼1 000 Jy. There is some emis-
sion at the level of < 1200 Jy between ∼ −7 and −8 km s−1
in 2014, but this drops to ∼ 300 Jy prior to the start of
2015. The first indication of the flare occurred on 2015 Jan-
uary 23 (MJD 57046). The first peak, which reached F(22.2)
= 12 100 Jy, occurred at approximately the same time as
the first peak in the methanol 6.7 GHz data (see Table 2).
The water masers rebrightened in mid-2016, reaching an-
other peak of F(22.2) = 15 200 Jy. In 2017 March a short
burst occurred at v =−3 km s−1 which we have classified as
a super-outburst (MacLeod et al. in preparation 2018). At
the end of 2017 another brightening phase occurred, during
which the peak flux density reached 15 800 Jy.
The emission from water masers in NGC 6334I has a
larger velocity range than the methanol masers, as can be
seen in the spectra shown in Fig. 5. Maser emission occurs
from v =−50 to above 0 km s−1 in this region with all of the
velocity channels showing variability on some time scale. The
spectra are complex, consisting of the emission of numerous
sources in the beam that cannot be resolved into individual
velocity components. The peak flux density in 2015 occurred
in the v =−7.11 km s−1 velocity channel, which is similar to
the 6.7 and 12.2 GHz methanol lines that peaked at v=−7.26
and −7.00 km s−1, respectively. The flux in this channel in-
creased by a factor of 20 which is similar to the 6.7 GHz
CH3OH line. The water velocity channel v = −24.49 km s−1
varied the most (of all transitions observed), it increased by
a factor of >300 and is located in CM2 (Brogan et al. 2018,
in preparation).
3.3 Hydroxyl Masers
The spectra of the 1665 MHz groundstate OH masers are
complex and contain many features that are variable and
have been present since before 2013. Absorption features,
at v > −7 km s−1, from foreground clouds are seen in each
spectrum. The LCP spectrum had a velocity spread of −7
to −11 km s−1 and the brightest flux density measured prior
to 2015 was ∼ 500 Jy, whereas the RCP spectrum was spread
over v = −6 to −13 km s−1and peaked at ∼ 100 Jy. To iden-
tify components associated with this flaring event, dynamic
spectra were made (not shown) and we looked for any ve-
locity channels with sudden increases in brightness around
the time of the methanol flare. Only one channel in each
polarisation was definitively identified. In LCP flaring ac-
tivity started in the v =−8.1 km s−1 channel 113 days after
2015 January 01, and in RCP the v =−7.40 km s−1 channel
shows some activity after 188 days. Spectra nearest to the
commencement, peak and a recent time are shown in Fig. 6,
together with time series plots of the identified channels.
The regular monitoring programme did not include
1667 MHz groundstate OH observations and, hence, we only
have data after 2015 September (MJD 57275), which is 251
days after the start of Kitty. As for the 1665 MHz lines, the
1667 MHz LCP and RCP spectra are complex, but both oc-
cur over velocities from −15 to −7 km s−1. There are some
consistent features (based on spectra obtained on 2012 July
05/MJD 56114), and some variable components. RCP and
LCP spectra are shown in Fig. 6 (d) and (e) respectively,
and time series (f) of the two velocity channels that varied
around the time of the flare and attained the highest peak
in each polarisation. The flux densities in the spectra, like
those for 1665 MHz, are stronger in LCP than RCP. Note
that neighbouring velocity channels also varied, but their
peaks were smaller than those plotted, although after the
event in some cases they have become stronger than the
chosen channels. The peaks in the 1667 MHz spectra occur
even later than those in the 1665 MHz spectra.
We looked for the satellite groundstate OH lines at
1612 and 1720 MHz. Nothing was detected at 1612 MHz over
multiple epochs. A 1720 MHz observation on 2015 Septem-
ber 09 revealed a previously known Zeeman pair at v =
−10.2 km s−1 and a new feature at v = −7.7 km s−1 in RCP
and LCP with similar flux densities. In Fig. 7 we show spec-
tra for RCP (a) and LCP (b) and time series (c) of the
peak velocity channel in each polarisation. The time series
decays monotonically, but we only started observing at, or
after, the methanol peak (vertical dashed line in (c)) had
been reached. The signal disappeared below our detection
limit after 247 d. The line profile is simple and can be fitted
using a single Gaussian. The velocity difference between the
peak of the RCP and LCP profiles corresponds to a Zeeman
splitting due to a magnetic field of +1.3± 0.2mG using a
Zeeman splitting coefficient published in Fish et al. (2003).
A surprising discovery was the detection of a 4660 MHz
excited OH maser with a flux density of 4.4 Jy at v =
−7.8 km s−1, that died away after 71 d. The LCP and RCP
observations, shown in Fig. 7 (e) and (f), indicate no cir-
cular polarisation for this source. The time series for the
peak velocity channels are shown in (g). This is only the
fifth 4660 MHz maser ever detected. Searches did not de-
tect any 4765 MHz emission which is usually the strongest
4.7 GHz line found, and had been found at a velocity of
v = −10.3 km s−1 by Cohen et al. (1995). The rarity of
4660 MHz masers suggests unusual conditions for their ex-
istence. Multiple epoch observations subsequently have not
detected any of the 4.7 GHz OH masers in this source.
Masers from the first rotationally excited level of OH at
6031 and 6035 MHz have been found in this source since their
original detection by Gardner et al. (1970). The strongest
features lie around v = −10.5 km s−1, but weaker emission
has been reported in the range from v = −12 to −7 km s−1
(Caswell & Vaile 1995). In the RCP and LCP 6031 and
6035 MHz spectra shown in Figs. 7 (g), (h), (j), and (k)
respectively, these persistent features can be seen. Signifi-
cant new peaks had developed around v∼−7.7 km s−1 when
we observed them on 2015 September 08 (MJD 57274) and
August 30 (MJD 57265). The time series of the peak veloc-
ity channels at v = −7.8, −7.65, −7.7 and −7.6 km s−1 are
shown in (i) and (l) respectively, and show that the flux
density decayed over the following several months. Unfortu-
nately, due to radio frequency interference (RFI), observa-
tions became untenable after 2016 June, which explains the
truncated time series.
The peak flux density of the new feature in the
6031 MHz spectra was higher initially than the persistent
lines around v = −10.5 km s−1. The flux density of the
6035 MHz lines were slightly stronger than the 6031 MHz
lines but were much weaker than the long-term lines. In both
of these excited OH lines the LCP flux density was consis-
tently weaker than the RCP, the same as for the 1720 MHz
lines, whereas for the OH mainlines (see Fig. 6) the LCP
flux density was significantly stronger than RCP. The asym-
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Figure 4. Dynamic spectrum of 22.2 GHz water masers in NGC 6334I. The solid, dashed and dot-dashed vertical lines are defined in
Fig. 1.
metric shape of the 6035 MHz profiles at v = −7.7 km s−1
indicates that there is more than one component of maser
emission.
3.4 An earlier event
We have re-analysed the 6.7 GHz methanol data for
NGC 6334I presented in Goedhart et al. (2004). A dynamic
spectrum of the data from 1999 February 28 (MJD 51238)
to 2001 March 31 (MJD 52000) is shown in Fig. 8. Based on
an analysis of the time series for individual velocity channels
(see Fig. A1 in Appendix A), the brightest part of the flare
is in velocity channel v = −5.99 km s−1, but it starts in the
v =−8.46 km s−1 channel at the time indicated by the verti-
cal line. This event only reached a maximum flux density of
∼ 400 Jy and lasted for 340 d. Channels that flared covered
a velocity range from −3 to −8.6 km s−1, which is similar
to the range for Kitty. There is no evidence of flaring in the
persistent masers with v<−8.6 km s−1. Unfortunately, there
is no data at other maser frequencies for this event. We refer
to this event as ‘Mini’.
3.5 Summary of results
To summarise the results discussed above, in Fig. 9 we com-
pare time series of the velocity channels for water, methanol
and hydroxyl that contained the peak maser emission. The
vertical solid line indicates the start of the event as defined
by one 6.7 GHz methanol velocity channel (see Fig. 1). Data
from the long term monitoring programme shows that there
was some quiescent maser flux density in each of the cho-
sen channels prior to 2015, but then the flux density in-
creases by more than an order of magnitude in each maser
line. The increases do not all occur simultaneously. The
12.2 GHz methanol line returned to its quiescent level af-
ter ∼ 260d. The 6.7 GHz line decayed significantly in some
channels which passed through a dip before rebrightening,
while the water and 1665 MHz hydroxyl masers were active
throughout the observation period reported here. The total
extent of the velocity range in which all these masers resided
in all transitions is −3 to −10 km s−1, with the exception of
the high velocity water maser at v =−24.49 km s−1.
The lines of OH that were not part of a long term mon-
itoring programme (1720/4660/6035/6031 MHz), were only
observed after 2015 August 15 (MJD 57249). They all de-
clined monotonically after detection; the time series for se-
lected channels of the 4660 and 6031 MHz transitions are
shown in Fig. 9 for comparison purposes.
4 DISCUSSION
As a well known source of maser emission in the Galaxy,
NGC 6334I has been found to host numerous masers from
methanol, water and hydroxyl. The spectral appearance
of some of these masers have been fairly consistent since
their discovery, varying to some extent over the intervening
decades. In contrast, for many other regions in the literature,
the general variability of masers in all species has been re-
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Figure 5. Spectra of water masers associated with NGC 6334I at
the onset (2015 January 23) of Kitty (blue), at or near the peak
(2015 August 08) of Kitty (black), and recent (2017 August 26)
observations (red). The entire flux density range is shown in (a)
and components with flux density less than 625 Jy in (b).
ported extensively and regular monitoring programmes (e.g.,
in water by Felli et al. 2007) have led to the discovery of
flaring events in certain transitions. What is new about this
study is that we have long term monitoring data of 6.7 and
12.2 GHz CH3OH, 22.2 GHz H2O and 1665 MHz OH maser
lines that show contemporaneous flaring activity after a long
period of relative stability. The velocities of these flaring
masers all occur in the range from v=−3 to −10 km s−1. We
also found new OH masers at 1720, 4660, 6031 and 6035 MHz
and for CH3OH at 23.1 GHz. The 1667 MHz groundstate OH
maser follows the behaviour of the 1665 MHz mainline, but
we do not have enough data to conclusively claim a starting
date for its activity.
To orient the subsequent discussion, a comprehensive
list of maser positions from various interferometric measure-
ments made prior to the outburst are plotted in Fig. 10,
overlaid with 1.3 mm dust continuum emission observed in
2008 by Hunter et al. (2017) with the Submillimeter Ar-
ray (SMA), and 6 cm continuum observed in 2011 with the
National Science Foundation’s Karl G. Jansky Very Large
Array (VLA) by Brogan et al. (2016). Using ALMA, Bro-
gan et al. (2016) found that of the four primary millimetre
sources that make up NGC 6334I, the brightest, MM1, is
comprised of several compact components named MM1A,
B, etc. These observations were taken coincidentally when
the methanol masers initially peaked in 2015 August. Hunter
et al. (2017) reported that the dust luminosity of MM1 in-
creased by a factor of ∼70 between 2011 May and 2015
July/August with the increase centered on MM1B. We re-
port the maser emission similarly increased by factors of
10s to 100s between 2015 January and August (see Table 2)
suggesting a direct relationship. In recent VLA observations,
Hunter et al. (2018) confirmed our suspicion that these flar-
ing masers arise from new spatial regions of maser activ-
ity. In particular, they report six new regions of 6.7 GHz
methanol maser activity with overlapping velocity ranges,
four in MM1 and two in CM2, and new 6.0 GHz excited OH
maser activity associated with CM2.
For the purpose of our discussion below we take the
distance to NGC 6334I to be 1.3 kpc based on maser parallax
measurements of the adjacent core NGC 6334I(N) (Chibueze
et al. 2014; Reid et al. 2014).
4.1 Temporal behaviour
Six velocity channels in the 6.7 GHz CH3OH spectra started
flaring on 2015 January 01 (day 0 in Table 2 and indicated
by the solid vertical line in Figs. 1, 3, 4, 6, and 9). The other
6.7 GHz channels all started flaring later than this. About
half of the channels reached their peak on day 263, some of
which started flaring after day 0. The earliest date on which
the 12.2 GHz methanol masers started flaring was on day 80,
and more than half of the velocity channels peaked on day
255. Given the cadence of the observations, it appears that
the 6.7 and 12.2 GHz CH3OH masers peaked around the
same time. Observations of the excited OH masers and the
1720 MHz groundstate OH masers only started around day
250, but then decayed monotonically. These observations are
consistent with these OH masers peaking around the same
time as the methanol masers. The 22.2 GHz H2O masers
started flaring on day 22 and have remained strong. Because
of the rapid fluctuations in these masers, there is no clear
date when they reached a peak. The OH 1665 MHz LCP
and RCP channels only started flaring 113 and 188 d after
day 0. The 1665 and 1667 MHz groundstate OH masers have
remained strong with no obvious peak in the light curve.
After peaking some of the 6.7 GHz methanol decayed
back to quiescent levels, while others went through a re-
brightening. The 12.2 GHz methanol velocity channels de-
cayed rapidly back to their quiescent levels with no rebright-
ening. If the methanol masers are radiatively pumped by the
object in MM1B then the 12.2 GHz masers only start flar-
ing when the source becomes bright or hot while the 6.7 GHz
masers are pumped over a broader range of conditions. The
rebrightening of the 6.7 GHz methanol masers could be due
to another (weaker) flaring event in MM1B, which does not
pump the 12.2 GHz masers. The 6.7 GHz flare in 1999 was
possibly also due to a similar type of event which was weaker
than this flare. The start of flaring in some velocity channels
after day 0 can be explained by conditions in the cloud not
supporting masers pointing towards us, and, likewise, the
different times at which the masers peaked could be due to
geometrical effects or the masers dying out before the source
peaked.
The methanol spot maps presented in Hunter et al.
(2018) were taken in 2016 November (MJD 57711) during
the peak of the rebrightening of the methanol masers re-
ported here. The dominant new maser in their observations,
at v = −7.25 km s−1, is about 1000 au in projected distance
from MM1B. Other areas of MM1 are at projected distances
of between 650 to 2800 au from MM1B. If MM1B is the
source of this flaring event, as proposed by Hunter et al.
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Figure 6. Spectra of the 1665 and 1667 MHz OH masers at or near onset, at or near peak, and recent observations of Kitty. Also
time series of selected velocity channels are plotted. (a) RCP spectra, (b) LCP spectra, (c) RCP and LCP time series are presented for
1665 MHz and similarly for 1667 MHz in (d), (e) and (f). The vertical lines in (c) and (f) are defined in Fig. 1 while the velocity channels
plotted are those identified by the dashed vertical lines in the RCP and LCP spectra plots. In each spectrum an absorption feature, the
result of a foreground cloud, is present at v>−7 km s−1.
(2017), then the projected light travel time ranges from 4 to
16 d; much shorter than our estimated time lags. Similarly,
the light travel time to MM2 (3.′′5) and MM3 (4.′′5) is 25 and
33 d in the sky plane, but there is no evidence of associated
flaring in the masers of the latter two regions, even after
1100 d. It is possible that the geometric dissipation of the
energy in the event was sufficient that it had no impact on
the masers in MM2 and MM3. Somewhat less likely is that
MM2 and MM3 have not yet witnessed the event, but this
requires them to be at least 0.5 pc in the background rela-
tive to MM1. Regardless, the new masers in MM1 and CM2
are highly variable in comparison to the decades long stable
masers in MM2 and MM3, possibly the result of the energy
injected into it by the event at MM1B causing instabilities
in the masing conditions.
4.2 6.0 GHz excited OH masers
Maps of the 6.0 GHz excited OH masers in NGC 6334I made
by Caswell et al. (2011) and Hunter et al. (2018) show that
the persistent masers around v ∼ −10.5 km s−1 are located
in MM3. These masers have not shown any variations asso-
ciated with the 2015 flare.
The new masers we detected at v∼−7.7 km s−1 in 2015
September were not present in single dish observations in
2012 or 2013. We do not have data for their onset, but ob-
served them from at (or near) their peak, after which they
decayed. There is a gap of ∼160 d between the termination
of our single dish observations and the VLA observations
of Hunter et al. (2018), who found new 6.0 GHz masers at
the same velocity (−7.7 km s−1) in CM2 that are stronger
than when the single dish observations ceased. It is not clear
whether the flares in our data are from CM2, which had re-
brightened by the time of the VLA observations, or from
some region closer to MM1 that have subsequently faded
below the sensitivity limit of the VLA. If these masers are
radiatively pumped, then the light curves we obtained and
the CM2 masers in the VLA observations could be the same.
Hunter et al. (2018) detected a new 6.7 GHz methanol fea-
ture in CM2 at v = −7.6 km s−1, a similar velocity to the
6.0 GHz OH masers, increasing our confidence of their rela-
tionship to Kitty. We note that a temporal correlation be-
tween 6.7 GHz methanol and 6.0 GHz OH masers in a flaring
event has been reported in the past in a massive protostar
(IRAS 18566+0408, Al-Marzouk et al. 2012).
4.3 4.7 GHz OH masers
A 4765 MHz excited OH maser feature with a flux density
of 0.3 Jy at −10.3 km s−1 was detected in 1991 by Cohen
et al. (1995) but it was not detected in 2000 by Dodson &
Ellingsen (2002) down to a level of 0.09 Jy. Unfortunately,
the position determined has very large error bars which cover
more than the whole map shown in Fig. 10. Neither group
detected emission at 4660 or 4750 MHz. We did not detect
4750 or 4765 MHz emission.
The 4660 MHz line, which is not subject to observ-
able Zeeman shifts in weak magnetic fields, has a veloc-
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Figure 7. Spectra of the various OH transitions’ observations taken: near or before 2015 January 01 (if available), nearest to 2015 August
15, and recent are presented for 1720 MHz in (a) RCP and (b) LCP. Time series plots of selected velocity channels for 1720 MHz masers
are shown in (c). Similar plots for 4660 MHz are presented in (d), (e), and (f), for 6031 MHz in (g), (h) and (i), and for 6035 MHz in (j),
(k), and (l). The vertical line in each spectrum corresponds to the velocity channel plotted in the time series in the rightmost column.
The vertical lines in the time series plots are defined in Fig. 1.
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Figure 8. Dynamic spectrum of 6.7 GHz methanol masers in
NGC 6334I. The solid vertical line is the start time, 1999 Septem-
ber 25 (MJD 51447), of a small flaring event (Mini) in 1999.
ity v = −7.8 km s−1, which is similar to the 1720, 6031 and
6035 MHz masers (which can be Zeeman shifted by a few
0.1 km s−1). Although we did not see these masers turn on,
we assume that all these OH lines are formed in the same
region and are part of the 2015 flaring event. The VLA ob-
servations of Hunter et al. (2018) included a high resolution
spectral window on the 4660 MHz line, but did not detect
it.
What is unusual about this maser is that 4660 MHz
masers are rare (only four are reported in the literature)
while ∼ 30 masers in the 4765 MHz line have been found
(Qiao et al. 2014). In general, models predict that flux den-
sities F(4765) > F(4750) > F(4660). Clearly, this is not the
case in Kitty. Also there has been some discussion in the
literature suggesting correlations between 4765 MHz excited
OH masers and either the ground state 1720 or 1612 MHz
lines, depending on the density and temperature of the gas.
Our observations show no evidence of 4765 MHz emission
relative to 1720 MHz masers by a factor of ∼ 200.
The 4660 MHz emission died out rapidly, faster than the
6 GHz excited OH and 1720 MHz lines (see Figs. 9 and B1).
This behavior possibly suggests that the conditions under
which the 4660 MHz masers form are much more sensitive
to the conditions in the gas than the other lines.
4.4 6.7 vs. 12.2 GHz methanol masers
Pumping models predict that F(6.7) > F(12.2) but we find
examples of velocity channels in which the converse is true.
This situation occurs for velocities v > −4.6 km s−1. There
are some narrow regions with very specific conditions where
F(12.2) can be greater than F(6.7) (Cragg et al. 2005), but
in dynamic regions where the conditions are changing we
would not expect these conditions to exist for any significant
length of time. No interferometric observations were taken at
12.2 GHz during the period when the 12.2 GHz masers were
detectable. Hunter et al. (2018) do report 6.7 GHz masers in
this velocity range but at an epoch after the 12.2 GHz masers
had faded back to their quiescent levels. The survey of 400
6.7 GHz maser targets by Breen et al. (2012) found only
about three percent of objects where the 12.2 GHz methanol
masers were stronger than their 6.7 GHz counterparts.
4.5 6.7 GHz methanol vs 22.2 GHz water masers
The contemporaneous increase in the methanol and water
maser flux densities provides a strong constraint on the phys-
ical explanation of their respective flares. Recently imaged
with the VLA in late 2016, the flaring 6.7 GHz methanol
emission is localized to the area toward and surrounding
MM1 and CM2 where strong masers now appear for the
first time (Hunter et al. 2018). The infrared photons re-
quired to pump these masers (Sobolev et al. 1997), as well
as the OH mainline masers (Gray 2007), naturally would
have become more abundant when the surrounding dust
was rapidly heated by the increase in radiation from the
proposed (Hunter et al. 2017) protostellar outburst source
MM1B. In contrast, prior to the outburst, water masers
were already known to be associated with both MM1 and
CM2 (see Fig. 10), a non-thermal radio continuum source lo-
cated ∼2 ′′ north, which had the strongest water masers but
no associated compact dust emission (Brogan et al. 2016).
The projected extent of the water masers has a mechani-
cal crossing time of many decades, for even a high velocity
protostellar jet. Therefore, it seems unlikely that the cre-
ation of new shocks containing new water masers close to
the central protostar would produce a rate of increase in the
water maser emission that so closely parallels that of the
radiatively-pumped methanol masers (see Fig. 9). Instead,
we find it more likely that some property of the existing wa-
ter masing gas was changed by the excess radiation produced
during Kitty. One possibility is a small increase in the ionisa-
tion fraction, which can result in more intense water masers
(Kylafis & Norman 1987). Alternatively, the phenomenon of
superradiance that has been invoked to model the methanol
and water maser flares in G107.298+5.639 (Rajabi & Houde
2017) could be contributing to the observed behavior of the
light curves.
4.6 Possible associated earlier events
Using single-dish observations beginning in 1965 July,
Weaver et al. (1968) noted changes in the OH mainline in-
tensity of NGC 6334 by almost an order of magnitude on
time scales of a few days to months. Adjacent velocity chan-
nels showed great variability. In particular, their 1665 MHz
observations at v = −8.1 and −7.7 km s−1 decreased signifi-
cantly in amplitude between two sets of observations, after
which these channels were relatively constant at low ampli-
tude. There was no activity in the corresponding 1667 MHz
channels. The velocity range in which the 1965 flare occurred
is −12.7 to −6.6 km s−1 with the largest variation occurring
in the −7.7 km s−1 channel. These channels are the same as
variable features reported for Kitty presented in this paper.
It is possible that shortly after the discovery of OH masers
in 1963 a flaring event occurred, peaking around 1965 July,
on par with Kitty reported here, and ending 1965 October
seen in Weaver et al. (1968).
Another flaring event that occurred in 1999 was found
in the 6.7 GHz data from the HartRAO monitoring pro-
gramme. See Appendix A for analysis. It was a weaker and
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Figure 9. Time series of selected velocity channels from 6.7 GHz (−7.26 km s−1) and 12.2 GHz (−7.00 km s−1) methanol, 22.2 GHz
(−7.11 km s−1) water, and 1665 MHz (−8.10 km s−1 LCP) hydroxyl. For comparison purposes, 4660 MHz (−7.80 km s−1 LCP+RCP) and
6031 MHz (−7.65 km s−1 RCP) OH velocity channels are plotted. The vertical lines are defined in Fig. 1. Note that a logarithmic scale
has been used for the flux density.
shorter-lived flare, but the velocity range and factors of in-
crease from quiescent flux densities (∼20 to 200) were similar
to Kitty. Unfortunately no other transitions were observed
during this event. It is possible that this event and the ear-
lier event in Weaver et al. (1968) are both related to Kitty,
i.e. arising from the same physical location.
4.7 Physical Cause of the Outburst
It is not obvious from these observations what caused the
outburst that powered Kitty. Based on (sub)millimeter ob-
servations, Hunter et al. (2017) speculate that the unprece-
dented increase in dust temperature resulted in an increase
in the radiative pumping of the various maser emissions in
the region. While the association between the dust emis-
sion flare and the maser flares might explain their correlated
timing, it does not directly explain the cause. Hunter et al.
(2017) suggest the occurrence of an accretion event anal-
ogous to an FU Ori outburst – a phenomenon in low-mass
protostars in which they experience rapid increases in accre-
tion luminosity followed by long decays that occur over tens
of years (Hartmann & Kenyon 1996). The first such event
in a massive protostar was recently reported (S255 NIRS3,
Caratti o Garatti et al. 2017) and it also coincided with an
extended methanol maser flare (Moscadelli et al. 2017). As
noted by Hunter et al. (2017), the timescale for such an ac-
cretion outburst to heat the dust in MM1 by the observed
amount is ∼200 d based on the equations of Johnstone et al.
(2013). Qualitatively, one should expect the different maser
transitions and velocity components to turn on at different
times during the course of this heating due to differences in
the local geometry and opacity of the dense medium. While
it remains uncertain how many days before the first maser
flare (2015 January 01) the accretion outburst began, this
theoretical heating timescale combined with the observed
190 d spread in maser flare start dates, suggests that it was
likely only up to a few weeks. Indeed, the VLA observations
of Hunter et al. (2018) confirmed that 6.7 GHz methanol and
6.0 GHz hydroxyl masers are spatially associated with MM1
and CM2. Features of the 1665 and 1667 MHz OH and water
maser spectra associated with Kitty are also consistent with
the variation originating from MM1 and CM2.
Further support for an FU Ori-like origin hypothesis
for Kitty comes from a comparison with the 1720 MHz OH
maser outburst associated with the 5.5 mag optical flaring
event in the FU Ori object V1057 Cyg that began in 1969
(Herbig 1977). The OH maser emission originally detected
by Lo & Bechis (1973) declined exponentially over a two
year interval and became undetectable by 1975 (Andersson
et al. 1979). A subsequent OH maser outburst was observed
in 1979 which then diminished by a factor of 2 over a two
month period (Winnberg et al. 1981). Several features of the
methanol masers of Kitty exhibited a rapid flare followed by
an equally rapid decline, an initial flare in which the rise and
fall times are similar followed by a secondary flaring event,
or a rise which remained high. If Mini and Kitty indeed arose
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Figure 10. Image of NGC 6334I with all associated maser spots reported prior to the 2015 outburst. The SMA 1.3 mm continuum
image (epoch 2008.6) is plotted as solid contours with intensity values: −0.024, 0.024, 0.06, 0.12, 0.24, and 0.48 Jy beam−1 from Hunter
et al. (2017). The 5 cm VLA continuum image (epoch 2011.5) is plotted as dotted contours with intensity values: 0.012, 0.6, 6.0, 12.0,
24.0 mJy beam−1 from Brogan et al. (2016). Maser spots presented are: 6.7 GHz methanol masers from Krishnan et al. (2013) and Brogan
et al. (2016) (magenta x and + respectively), 6.7 GHz methanol masers from Walsh et al. (1998) (brown +), 12.2 GHz methanol masers
from Breen et al. (2012) (orange +), 19.9 and 23.1 GHz methanol masers from Krishnan et al. (2013) (red + and x respectively), 44 GHz
methanol masers from Go´mez et al. (2010) (yellow dot), 22.2 GHz water masers from Forster & Caswell (1989) and Brogan et al. (2016)
(cyan and blue + respectively), OH masers from Forster & Caswell (1989) and Argon et al. (2000) (black + and x respectively), and
excited OH masers from Green et al. (2015) (green +) and Caswell et al. (2011) (black x). The Forster & Caswell (1989) water positions
have been shifted by −0.′′7,−1.′′0 for the reason described in Brogan et al. (2016). The 5 cm source (CM2) and the four millimetre source
(MM1−4) are labeled in black; MM3 is the UCH ii region NGC 6334F. Ellingsen et al. (1996a) identified 3 regions of methanol maser
activity, C, S and NW, labeled in red. The new 6.7 GHz methanol masers that appeared toward and surrounding MM1 and CM2 after
the outburst (not shown) are reported by Hunter et al. (2018).
from the same spatial location, then we have recorded two
such events in 15 yr, analogous to the repeated maser out-
bursts in V1057 Cyg. This conclusion is further supported
by the fact that 1720 MHz OH maser flares have been im-
aged toward massive protostars in the past (e.g. W75N, Fish
et al. 2011).
As an alternative origin hypothesis, a supernova can
produce sufficient energy to heat the surrounding dust that
then pumps the masers. It can also produce ejecta that might
result in the non-thermal radio source CM2 ∼2 ′′ north of
MM1; however, CM2 already existed in the VLA obser-
vations of 2011. Also, while shock-excited 1720 MHz OH
masers are often seen towards supernova remnants (e.g.,
Brogan et al. 2013; Hoffman et al. 2005), the other ground-
state lines are usually found only in absorption (see e.g.,
Green 2002, and references therein), unlike in Kitty. But
perhaps the most obvious characteristic that rules out a
deeply-embedded supernova is the lack of new strong cen-
timeter continuum emission. Using previous VLA observa-
tions of the optically obscured supernova SN 2008iz in M82
as a model (Brunthaler et al. 2010), the 5 GHz flux density
should have reached ∼100 kJy after a year with a diameter
of ∼ 8′′, which it quite obviously did not.
Finally, Hunter et al. (2017) noted the possibility that
a near encounter with another star or a merger might have
triggered the accretion event leading up to Kitty. Bally &
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Zinnecker (2005) propose that stellar mergers in our Galaxy
will occur at the same rate as the birth rate of massive stars
and will produce high luminosity infrared flares. Such flares
could pump hydroxyl and methanol masers and associated
shocks could pump the water masers. Bally (2002) presents a
cartoon of the possible light curve of a binary stellar merger;
he predicts progressively stronger flares at each periastron
passage over decades to centuries until the actual merger
occurs. However, the flare profile is different than that of
the time series of the flaring masers presented here; he sug-
gests that each flare will experience a rapid rise followed by
a slower decay perhaps lasting years. Mini and Kitty may
represent flares resulting from successive periastron passages
with the re-brightened masers being the result of other mech-
anisms not considered in Bally & Zinnecker (2005).
4.8 Prediction of a future flare
If we assume the peaks of the OH flare reported by Weaver
et al. (1968), Mini, and Kitty occur at successive perias-
trons of an embedded binary star, then using equation 55
of Stahler (2010) we can fit for the orbital parameters and
predict the next flare event. For our best-fit solution, shown
in Fig. 11, we estimate the coalescence time is ∼156 yr, the
initial orbital period is ∼92 yr, and the coalescence date is
in ∼2059. In this scenario, the next flare is predicted to oc-
cur in late 2026. If we further assume that the cloud sound
speed is ∼1.6 km s−1, and the ambient cloud H2 density is
∼ 6×107 cm−3, then using equation 56 of Stahler (2010) the
total mass of the system is ∼4.9 M. This value is roughly
consistent with a (proto) B3 zero age main sequence (ZAMS)
star being the dominant member (Hanson et al. 1997), and a
ZAMS star of this type could power the measured properties
of the hypercompact HII region surrounding MM1B (Bro-
gan et al. 2016, 2017). However, the derived mass from the
orbital model is strongly dependent on the assumed sound
speed in the gas. In any case, Stahler (2010) suggest that
the energy of interactions at periastron will rival that of the
combined stellar output only during the final few per cent
of the merger process. Nevertheless, we expect the next flare
may be more powerful than Kitty.
5 SUMMARY AND FUTURE WORK
We report here a significant flaring event in 10 transitions in
three molecular species associated with NGC 6334I that be-
gan 2015 January 01. The 6.7 GHz methanol and 22.2 GHz
water masers began flaring contemporaneously within ±22 d
of each other, while the 12.2 GHz methanol and 1665 MHz
hydroxyl masers flared 80 and 113 d later respectively. The
flaring for all transitions occurred in the velocity range −10
to −2 km s−1. The strongest flaring methanol and water fea-
tures increased, by ∼20 times above quiescent levels; the
strongest water maser feature reached ∼15,000 Jy. The weak
emission in some velocity channels increased by factors up
to 145. This flare coincides in time with an unprecedented
increase in the millimeter continuum and inferred dust tem-
perature reported by Hunter et al. (2017).
We report the detection of only the fifth 4660 MHz ex-
cited OH maser. We also report new maser emission at 1667,
Figure 11. Panel (a) shows the theoretical orbital decay of a
binary system in NGC 6334I using equations in Stahler (2010) fit
to the dates of the three known maser flares: Weaver (1965), Mini
(1999), and Kitty (2015). The solid line is the orbital period in
years and the dashed line is the major axis of the orbit in au. In
this scenario, panel (b) shows the predicted date of the next flare
to be at the next completed orbit in late 2026.
1720, 6031 and 6035 MHz hydroxyl, and 23.1 GHz methanol
in NGC 6334I.
We report an earlier flare in 1999; it was only observed
at 6.7 GHz and was at most 5 times weaker than Kitty. We
also highlight a 1965 OH maser flare reported by Weaver
et al. (1968). We hypothesize that these three flares could
be related, analogous to the repeated OH maser flares in the
FU Ori star V1057 Cyg. Such repeated flares could be due to
the orbital decay of a binary protostar, with radiative out-
bursts growing in strength with each successive periastron
passage. If so, we predict a future maser flare in 2026.
We note that future observations of this event may pro-
vide constraints on maser pumping models. Further interfer-
ometric studies will also be fruitful, and we predict that new
cluster(s) of OH masers will be detected with sufficiently
high resolution observations and that evidence of features
associated with Kitty may be found in historical interfero-
metric data. Finally, we will continue to monitor this inter-
esting source and HartRAO is upgrading its spectrometer
to allow for simultaneous observations at many transitions
and for more sources with even shorter cadences.
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APPENDIX A: RELATION BETWEEN THE
1999 AND 2015 EVENTS
Time series plots of velocity channels associated with a flar-
ing event in 1999 (Mini) associated with NGC 6334I are
shown in Fig. A1 and results of our re-analysis, following the
same method described for the 2015 flaring event (Kitty),
are listed in Table A1. The onset of Mini began within
±20 d of 1999 September 25 in a number of velocity chan-
nels, while other channels turned on between 10 and 30 d
later. The strongest emission associated with Mini occurred
in the −5.99 km s−1 channel; emission in this channel turned
on 32 d after the onset at −8.46 km s−1 and terminated 253 d
after that determined for −8.46 km s−1. Typically velocity
channels associated with Mini rose quickly, between 20 and
130 d, and declined more slowly, between 40 and 300 d. Some
velocity channels show evidence of a secondary flare, e.g.
−3.52 km s−1, as occurred in channels associated with Kitty.
We identify velocity channels with flaring activity com-
mon to both Mini and Kitty and present them in Fig. A2.
Kitty was relatively stronger than Mini in these common
channels with a range of ratios from 1.1 to 4.4; the brightest
of Kitty, −7.26 km s−1, was about 5 times brighter than its
counterpart in Mini. Fewer velocity channels in Mini showed
evidence of flaring activity than in Kitty. In both Mini and
Kitty, from when each channel peaked, there appears a pos-
sible progression of the flare from the red to blue shifted
velocity channels in the range −4 to −6 km s−1. In the ve-
locity range −9 to −6.5 km s−1 for Mini the converse appears
to occur.
Intriguingly, for both Mini and Kitty the channels
that experienced the largest increases were in the −6 to
−5 km s−1 range. For Mini the velocity channel−5.99 km s−1
increased by a factor of ∼230 while the nearest counter-
part in Kitty, v = −5.82 km s−1 increased by a factor of
86 (see Table 2). The largest emission increase, a factor
of 124, at 6.7 GHz in the velocity channels of Kitty was
at v = −5.33 km s−1. We calculated the mean positions of
all emission in the velocity channels nearest to −5.3 and
−6.0 km s−1 in the 2016 November VLA data (−5.30 and
−6.05 km s−1) presented in Hunter et al. (2018). Both mean
positions are located in MM1-Met1 (Hunter et al. 2018) and
separated by only ∼0.′′6 or about 750 au at 1.3 kpc.
The 1999 flaring event is a weaker, shorter duration
flare with fewer active velocity channels compared to the
2015 event. However, both flares occurred across a similar
velocity range (−10 to −3 km s−1), had a similar temporal
behaviour, and showed no flaring activity at velocities less
than −10 km s−1. From above we know that the methanol
channels that experienced the largest variations in Kitty are
located in MM1-Met1; it is possible that those for Mini were
also located there. We propose that these flaring events are
related.
APPENDIX B: TIME SERIES OF HYDROXYL
MASERS
We present in Fig. B1 time series plots of selected veloc-
ity channels for each of the hydroxyl transitions observed
here. We report masing at a new velocity in the 1720 and
6031 MHz lines and much stronger maser emission in the
Figure A1. Time series for selected velocity channels of 6.7 GHz
methanol spectra associated with Mini. The vertical line repre-
sents the estimated onset date (1999 September 25/MJD 51447)
for the −8.46 km s−1 velocity channel.
Figure A2. Time series for selected 6.7 GHz methanol velocity
channels common to both the 1999 and 2015 event; they are: (a)
−4.7, (b) −5.8, (c) −7.9, and (d) −8.6 km s−1. The onset date of
each flare is demarcated by a vertical line: solid (1999 September
25) and dashed (2015 January 01).
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Table A1. Flare information of individual 6.7 GHz methanol maser features associated with the 1999 event (Mini). The time lags of flare
onsets, peaks, and terminations of velocity channels are determined against the onset of the flare on 1999 September 25 (MJD 51447)
for the −8.46 km s−1 6.7 GHz methanol velocity channel.
Vel. SPeak Flare Offsets Flare Characteristics
Onset Peak Termination Rise Rise Fall Duration
( km s−1) (Jy) (days) (days) (days) (days) Factor (days) (days)
−8.57 141 0 22 119 22 1.4 97 119
−8.46 140 0 22 119 22 2.6 97 119
−8.35 117 13 43 105 30 3.0 62 92
−7.90 137 13 43 235 30 2.7 192 222
−6.44 68 32 75 150 43 1.4 75 118
−5.99 377 32 75 372 43 231.5 297 340
−5.65 35 32 165 337 133 34.8 172 305
−5.54 19 32 125 309 93 18.8 184 277
−4.64 43 13 43 105 30 42.7 62 92
−3.63 22 32 75 119 43 19.9 44 87
−3.52 30 0 13 29 13 30.0 16 29
1667 and 6035 MHz lines, all at ∼ −7.7 km s−1. We report
only the fifth 4660 MHz maser ever detected, again at a sim-
ilar velocity.
The 1667 MHz OH masers, like the 1665 MHz OH
masers, are contaminated by masers unrelated to NGC 6334I
and by an absorption feature that is folded into the spec-
trum as a result of observing in frequency switching mode
(at about −16 km s−1). The remaining transitions have less
complex spectra and follow temporal behaviour similar to
the 12.2 GHz methanol masers with the exception of the
−7.43 km s−1 1720 MHz velocity channel; it peaked later. It
is not clear when each of these transitions reached a maxi-
mum but we determine that they attained values of at least
10 to 135 times greater than their quiescent values. The 1720
and 4660 MHz (see Table 2) dropped below detection limits
after 247 and 71 d respectively.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure B1. Time series of selected velocity channels from each of the hydroxyl transitions monitored. The OH velocity channels plotted
are: −8.10 km s−1 (1665 MHz LCP), −7.88 km s−1 (1667 MHz LCP), −7.60 km s−1 (1720 MHz RCP), −7.80 km s−1 (4660 MHz L+RCP),
−7.65 km s−1 (6031 MHz RCP), and −7.60 km s−1 (6035 MHz LCP). The vertical lines are defined in Fig. 1. Note that a logarithmic scale
has been used for the flux density axis.
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